A comprehensive atomistic model for arsenic in silicon which includes charge effects and is consistent with first-principles calculations for arsenic-vacancy cluster energies has been developed. Emphasis has been put in reproducing the electrical deactivation and the annealed profiles in preamorphized silicon. The simulations performed with an atomistic kinetic Monte Carlo simulator suggest a predominant role of the mobile interstitial arsenic in deactivation experiments and provide a good understanding of the arsenic behavior in preamorphized silicon during annealing. © 2005 American Institute of Physics. ͓DOI: 10.1063/1.1948533͔ Due to the continuous shrinkage of device dimensions, superficial silicon layers doped with ever higher arsenic ͑As͒ concentrations are required in current semiconductor technology. These layers present a higher electrical resistance than expected, 1 attributed to the As clustering phenomena . More specifically, many theoretical studies [3] [4] [5] in addition to recent experiments 6,7 have proven the high stability of electrically inactive As clusters formed by a vacancy ͑V͒ surrounded by substitutional As atoms ͑As n V͒, with n =2, 3, 4.
and dislocation loops generation/dissolution and As segregation sweep during solid phase epitaxial regrowth ͑SPER͒, without the penalty of an increased computation time.
Arsenic diffusion is assisted via both, vacancy and interstitialcy mechanisms. 11 In order to reproduce it, the model includes two atomistic mobile configurations, arsenicvacancy pair ͑AsV͒ and interstitial arsenic ͑As i ͒, while the substitutional As ͑As s ͒ was considered immobile and electrically active. The reactions that control As diffusion are then:
As s + V ↔ AsV, ͑1a͒
As s + I ↔ As i , ͑1b͒
AsV + I ↔ As s , ͑1c͒
As i + V ↔ As s , ͑1d͒
where V and I stand for mobile vacancies and selfinterstitials, respectively. Moreover, high As concentrations demand a correct description of extrinsic diffusion. This and other Fermi level related effects have been recently included in DADOS and a detailed description of the physical modeling can be found in a recent publication. 12 Table I summarizes the energetics of the mobile species involved in As diffusion. The migration and binding energies of AsV 0 are consistent with firstprinciples calculations 3 while the position of the AsV − electronic level in the band gap is extracted from wellestablished deep level transient spectroscopy experiments.
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Taking into account the high formation energies of V and I, it can be deduced that the reverse reactions of Eqs. ͑1c͒ and ͑1d͒ require a high energy and consequently do not happen at the usual annealing temperatures. With the values of Table I , the total intrinsic As diffusion results
that is used in the TSuprem-IV simulator. 13 The As diffusion fraction due to interstitials is similar to that measured by Matsumoto.
14 The extrinsic As diffusion properly fits the experiments performed by Fair 15 at different temperatures and concentrations.
On the other hand, in order to reproduce As deactivation, the formation of electrically neutral As n V m clusters was included. In Fig. 1 the potential energies of the relevant As clusters are summarized. Note that the most stable clusters are As 3 V and As 4 V, whose formation energies are even lower than isolate substitutional As ͓E f ͑As n V͒ = E pot ͑As n V͒ + E f ͑V͒ Ͻ 0͔ in good agreement with calculations. 4 Taking into account that in the As case there are two mobile species ͑AsV and As i ͒, the diffusion-assisted growth/shrinkage of the clusters is described by the following reactions in the forward/reverse direction: As n V m + V ↔ As n V m+1 V trapping/emission, ͑3͒
AsV trapping/emission, ͑4͒
As n V m + I ↔ As n V m−1 I trapping/emission, ͑5͒
The reverse reaction of the last two expressions conveys the formation of an I-V pair in the bulk. The generated vacancy remains immobilized in the cluster while the interstitial is emitted alone ͓Eq. ͑5͔͒ or combined with an As ͓Eq. ͑6͔͒. As a consequence, in both cases, an anomalous enhanced As diffusion assisted by the bulk-generated As i happens.
Notice also that for n = 1 and m = 0, the As n V m cluster is substitutional As ͑As s ͒ and, in the same way, for n = 1 and m = 1, the cluster is the mobile AsV. Subsequently, Eqs. ͑3͒-͑6͒ convert into point defect reactions. Some of them appear in Eq. ͑1͒. For instance, Eq. ͑1a͒ can be deduced from Eq. ͑3͒ with As n V m =As s . The forward reactions of the rest result in the formation of the smallest As n V m clusters: As s + AsV↔ As 2 V, AsV+ V ↔ AsV 2 , AsV+ AsV↔ As 2 V 2 , AsV +As i ↔ As 2 . Finally, the reaction As s +As i ↔ As 2 I has not been implemented so that the arsenic-interstitial clusters are considered to be unstable.
In order to reproduce As deactivation, the experiments reported by Rousseau et al. 16, 17 about As deactivation are very useful because in them electrical deactivation is isolated from implant damage kinetics. These experiments reveal that, in the first stages, As deactivation is fast and generates a high concentration of self-interstitials that enhances As diffusion. It is proposed that arsenic deactivation could be produced by the formation of As n V clusters with the injection of an I into the bulk. These authors also claim that the same process would take place during any As deactivation whether it be previously deactivated and reactivated arsenic 18 or following solid phase regrowth. 19 In Fig. 2 , the experimental structure from Rousseau et al. 16 and its DADOS simulation are shown. The structure consists of a buried boron layer as an interstitial detector and a fully activated high concentration ͑4.5ϫ 10 20 cm −3 ͒ As doped laser melt annealed surface layer. Dopant profiles were measured by secondary ion mass spectroscopy ͑SIMS͒. Our model is able to reproduce the temporal evolution of the whole process. At the beginning, all the arsenic atoms are electrically active. Therefore, in the simulations, the As atoms are supposed to stay initially in substitutional positions. Assuming a randomized As atoms distribution, for this high As concentration there is a high probability of two, three, or four As atoms to be placed at a small distance in the Si lattice. Taking into account that the potential energy of As 2 , As 3 , and As 4 clusters is the same as substitutional As ͑see Fig. 1͒ , during the temperature ramp-up, As n clusters are generated in the bulk from the substitutional As atoms that are placed closer to each other than the capture ͑second neighbors͒ distance. Once the As 2 , As 3 , and As 4 clusters have appeared, the reverse reaction ͑5͒ is energetically more favorable, especially in the case of As 3 V and As 4 V formation. Therefore, these reactions take place, generating interstitials that diffuse, interact with substitutional As atoms and form As i . The mobile As i increase As diffusion and join the already formed As n V clusters producing their growth, according to the forward ͑6͒ and reverse ͑5͒ reactions, following the solid arrows shown in Fig. 1 . Note that, although the difference between the potential energies of As n V and As n+1 is high, there is no barrier energy for the forward reaction ͑6͒. In fact, this reaction implies I-V recombination, being the energy of the process negative ͑E = E As n+1 − E As n V + E bAs i − E fI − E fV ͒. In Fig. 3 the temporal evolution fo the experimental and simulated deactivated As concentration are plotted. From the simulation, it can be observed that after 2 h annealing, most of the inactive As remains as As 3 V and As 4 V, being the average number of As surrounding a vacancy 3.4, in good agreement with Lawther et al. 7 who found by positron annihilation experiments that the average number of As atoms surrounding a vacancy is Ͼ2. It is also important to point out that after approximately 1 min annealing, the concentration of thermally generated vacancies starts to be noticeable and also contribute to the As deactivation in the following way: vacancies join the substitutional As form- ing AsV that diffuse and combine with substitutional As forming As 2 V, as it is shown in Fig. 1 ͑dotted arrow͒. After this step, the deactivation follows the same path explained before, being assisted by the mobile As i . Taking into account that the electrical solubility of As at the experiment temperature 1 ϫ 10 20 cm −3 ͑1͒, it can be seen that after 16 h annealing the As deactivation has not finished yet and that would go on at a much slower rate. Finally, notice that the simulation overestimates the deactivated As concentration for the first 15 s of the annealing ͑Fig 3͒. In fact, in our simulations, the formation of the clusters As n is assumed to be instantaneous while in the experiments seems to be a thermally activated process with a very low activation energy. Therefore, this simplifying assumption is expected to be satisfactory for long term annealings but leads to an overestimation of the deactivate fraction for rapid thermal ones.
Finally, we also test the model with a representative As implant/annealing cycle applicable to the advanced sub-65 nm CMOS technology. The simulation of this experiment demands a correct modeling not only of the As kinetics but also of the rest of phenomena like damage buildup and amorphization, recrystallization 9 and extended defect ͕͑311͖ defects, dislocation loops, and voids͒ nucleation and evolution. In the experiment, 20 the silicon wafer was preamorphized with 5 keV, 10 15 cm −2 Ge implant followed by 2 keV, 10 15 cm −2 As implant. Subsequently, the sample was annealed at 700°C for 2 h to regrow the a-Si layer and to activate the As profile. In Fig. 4 both, experimental and simulated As profiles appear and the a / c interface position after Ge implantation. The initial point defect and arsenic profiles were calculated using the binary collision approximation. As can be clearly seen, the simulation properly reproduce the amorphous layer extension as well as the As profile after annealing. The amorphous layer created by the Ge implant is rapidly recrystallized during the temperature ramp-up and a fraction of the As atoms are swept towards the surface according to the As SPER segregation rate, producing the increase of the arsenic peak concentration in the regrown region. The simulation also suggests that the As transient enhanced diffusion is due to the excess of As i generated by the end-of-range extended defects dissolution.
In summary, a comprehensive physical As model has been developed to explain As high concentration effects in silicon. With such a model As rapid electrical deactivation can be fairly reproduced and it can be also extended to preamorphized high As concentration implants. Experimental ͑filled symbols͒ and simulated ͑open symbols͒ time evolution of I supersaturation ͑triangles͒ and electrically deactivated As concentration ͑squares͒, corresponding to the experiment shown in Fig. 2 
